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(57) ABSTRACT

A solid oxide fuel cell system is disclosed. The solid oxide
fuel cell system includes a cell stack having multiple adjacent
fuel cells; a reformer that reforms raw gas and produces fuel
gas supplied to the fuel cells; a combustion section that causes
combustion of the fuel gas discharged from the fuel cells and
heats the reformer with combustion heat of the fuel gas; an
ignition device that ignites the combustion section; a com-
bustion state confirmation device that senses that heating of
the entire reformer has started using the advancement of
flame transfer between fuel cells in the combustion section;
and a controller programmed to start an operation of the
system heating the reformer by using combustion heat from
the combustion section and reaction heat from the partial
oxidation reforming reaction (POX) in the reformer. During
the period until the combustion state confirmation device
senses that the heating of the entire reformer has started after
the ignition device ignited the combustion section, the con-
troller suppresses the amount of heat emitted by the partial
oxidation reforming reaction in the reformer more than the
amount ofheat emitted after heating of the entire reformer has
started.
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SOLID OXIDE FUEL CELL SYSTEM

This application is a 371 application of PCT/IP2011/
072224 having an international filing date of Sep. 28, 2011,
which claims priority to JP 2010-222104 filed Sep. 30, 2010,
the entire contents of which are incorporated herein by refer-
ence.

TECHNICAL FIELD

The present invention relates to a solid oxide fuel cell
system, and more particularly to a solid oxide fuel cell system
that prevents excess temperature rises at the time of startup.

BACKGROUND ART

In the past, a method was known whereby in an solid oxide
fuel cell system (SOFC), upon startup fuel gas discharged
from multiple fuel cells was combusted, and as the reformer
was heated using that combustion heat, a sequence was
executed in accordance with each of the stages of startup
including a partial oxidation reforming reaction (POX) of fuel
gas, an auto-thermal reforming reaction (ATR), and an steam
reforming reaction (SR), thereby raising the temperature of
the reformer etc.

In fuel cells of this type, gas discharged from the fuel cell
is ignited by ignition devices such as ignition heaters, igniters,
and the like to start combustion.

However, itis not realistic from a cost standpoint to provide
ignition devices for all of multiple fuel cells. Therefore igni-
tion by an ignition device is performed only for fuel gas
discharged from a portion of fuel cells, following which all
fuel cells are ultimately ignited by causing flame to move to
adjacent cells (see, for example, JP2008-135268A).

SUMMARY OF THE INVENTION
Problems the Invention Seeks to Resolve

There are some cases, however, in which the transfer of
flame between adjacent fuel cells is not performed smoothly,
so that a long time period is required before ignition is com-
peted in all the fuel cells. In a state whereby only a portion of
the fuel cells are ignited, and other fuel cells are unignited, a
phenomenon was occurring whereby inducing a partial oxi-
dation reforming reaction in which the same flow amounts as
normal of fuel gas and reforming air are supplied to the
reformer leads to localized heating without heating the entire
reformer, such that the reformer fails.

We explain the reasons for this below. A partial oxidation
reforming reaction, being an exothermic reaction, occurs
inside the reformer, but because the partial oxidation reform-
ing reaction is most prone to occur in the part where fuel gas
supplied into the reformer first contacts the high temperature
catalyst (the normal fuel gas intake part), an exothermic reac-
tion occurs locally within the reformer. When this happens, if
the flame transfer between fuel cells is not completed, the
entire reformer is also heated from without by combustion
heat from the combustion section, so that the reformer tem-
perature is higher in the fuel gas intake part than other parts,
but the temperature of the reformer as a whole rises and there
are no localized excessive temperature rises.

On the other hand, if flame transfer between fuel cells is
completed, heating of the reformer from without by the com-
bustion section is also localized, and an exothermic reaction
inside the reformer is also produced locally in said parts.
Therefore if that state continues, the temperature rises in only
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a portion of the reformer, with the result that the reformer is
damaged due to localized excessive temperature rises.

The object of the present invention is to provide a solid
oxide fuel cell system capable of preventing localized exces-
sive temperature rises in the reformer even in cases where
time is required to complete the flame transfer between fuel
cells.

Means for Solving the Problem

The above object is achieved according to the present
invention by providing a solid oxide fuel cell system com-
prising: a cell stack having multiple adjacent fuel cells; a
reformer that reforms raw gas and produces fuel gas supplied
to the fuel cells; a combustion section that causes combustion
of the fuel gas discharged from the fuel cells and heats the
reformer with combustion heat of the fuel gas; an ignition
device that ignites the combustion section; a combustion state
confirmation device that senses that heating of the entire
reformer has started using the advancement of flame transfer
between fuel cells in the combustion section; and a controller
programmed to start an operation of the system heating the
reformer by using combustion heat from the combustion sec-
tion and reaction heat from the partial oxidation reforming
reaction (POX) in the reformer; wherein, during the period
until the combustion state confirmation device senses that the
heating of the entire reformer has started after the ignition
device ignited the combustion section, the controller sup-
presses the amount of heat emitted by the partial oxidation
reforming reaction in the reformer more than the amount of
heat emitted after heating of the entire reformer has started.

In the present invention thus constituted, operation pro-
ceeds in a state wherein the heat amount from the partial
oxidation reforming reaction in the reformer is suppressed
during the period until the start of heating of the entire
reformer is sensed by a combustion state confirmation device,
i.e., during the period in which flame transfer between fuel
cells is not yet completed, and heating of the reformer from
the combustion section is still localized, therefore localized
emission of heat from the interior of the reformer is sup-
pressed. As a result, according to the present invention, local-
ized excessive temperature rises of the reformer can be pre-
vented.

In a preferred embodiment of the present invention, during
the period until the combustion state confirmation device
senses that the heating of the entire reformer has started after
the ignition device ignited the combustion section, the con-
troller suppresses the amount of heat emitted by the partial
oxidation reforming reaction in the reformer by reducing at
least one of either the raw gas supply amount or the reforming
air supply amount supplied to the reformer more than the
supply amount after heating of the entire reformer has started.

In the present invention thus constituted, during the period
in which heating of the reformer from the combustion section
is only localized, the amount of heat emitted by the partial
oxidation reforming reaction in the reformer can be sup-
pressed by the simple control of reducing at least one of either
the raw gas supply amount or the reforming air supply
amount. As a result, according to the present invention, local-
ized excessive temperature rises of the reformer can be pre-
vented.

In another preferred embodiment of the present invention,
the combustion state confirmation device senses that heating
of'the entire reformer has started using the temperature of the
combustion section.

In the present invention thus constituted, a reliable, error
free sensing of whether heating of the reformer has started can
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be achieved by measuring the temperature of the combustion
section, which is the source of external heating of the
reformer.

In still another preferred embodiment of the present inven-
tion, the combustion state confirmation device comprises a
reformer temperature sensor that senses the temperature of
the reformer, and the combustion state confirmation device
senses the temperature of the combustion section based on the
reformer temperature sensed by the reformer temperature
sensor.

In the present invention thus constituted, because the start
of heating of the entire reformer is directly sensed by the
combustion state confirmation means using the temperature
of the reformer, which is the object of heating, the start of
heating of the entire reformer can be reliably sensed without
error.

In still another preferred embodiment of the present inven-
tion, the reformer temperature sensor senses the inlet and
outlet temperatures of the reformer, and the combustion state
confirmation device senses that heating of the entire reformer
has started when the inlet temperature of the reformer is equal
to or greater than a first predetermined temperature and the
outlet temperature is equal to or greater than a second prede-
termined temperature, after the ignition device ignites the
combustion section.

In the present invention thus constituted, the fact that flame
transfer between fuel cells has proceeded and reformer tem-
perature rise has started not locally but over the entirety of the
reformer can be directly sensed, therefore appropriate timing
for releasing the suppression of the heat emitted from the
partial oxidation reforming reaction in the reformer can be
accurately achieved.

Effect of the Invention

According to the present invention of the solid oxide fuel
cell system, prevention of localized excessive temperature
rise in the reformer can be enabled even when time is required
for flame transfer between fuel cells.

BRIEF DESCRIPTION OF FIGURES

FIG. 1 is an overview diagram showing a solid oxide fuel
cell system (SOFC) according to an embodiment of the
present invention.

FIG. 2 is a front elevation section showing a solid oxide
fuel cell system (SOFC) fuel cell module according to an
embodiment of the present invention.

FIG. 3 is a sectional diagram along line III-III in FIG. 2.

FIG. 4 is a partial section showing a fuel cell unit of the
solid oxide fuel cell system (SOFC) according to an embodi-
ment of the present invention.

FIG. 5 is a perspective view showing the fuel cell stack in
a solid oxide fuel cell system (SOFC) according to an
embodiment of the present invention.

FIG. 6 is a block diagram showing a solid oxide fuel cell
system (SOFC) according to an embodiment of the present
invention.

FIG. 7 is a timing chart showing the operations of a solid
oxide fuel cell system (SOFC) according to an embodiment
of the present invention at the time of start up.

FIG. 8 is a timing chart showing the operations of a solid
oxide fuel cell system (SOFC) at the time operation s stopped
according to an embodiment of the present invention.

FIG. 9 is a timing chart showing the operations of a solid
oxide fuel cell system (SOFC) at the time of start up accord-
ing to an embodiment of the present invention.
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4
EMBODIMENTS OF THE INVENTION

Next, referring to the attached drawings, we discuss a solid
oxide fuel cell system (SOFC) according to an embodiment
of the present invention.

FIG. 1 is an overview diagram showing a solid oxide fuel
cell system (SOFC) according to an embodiment of the
present invention. As shown in FIG. 1, the solid oxide fuel cell
system (SOFC) of the embodiment of the present invention is
furnished with a fuel cell module 2 and an auxiliary unit 4.

The fuel cell module 2 is furnished with a housing 6; within
this housing 6, a sealed space 8 is formed, mediated by ther-
mal insulation (not insulated; thermal insulation is not a man-
datory structure, and may be omitted). Note that it is accept-
able not to provide thermal insulation. A fuel cell assembly 12
for carrying out the electrical generating reaction using fuel
gas and oxidizer (air) is disposed in generating chamber 10,
which is the lower part of this sealed space 8. This fuel cell
assembly 12 is furnished with ten fuel cell stacks 14 (see FIG.
5); fuel cell stack 14 comprises 16 fuel cell units 16 (see FIG.
4). Thus, fuel cell assembly 12 has 160 fuel cell units 16, all
of which are serially connected.

A combustion section 18 is formed above the aforemen-
tioned generating chamber 10 in fuel cell module 2 sealed
space 8; residual fuel gas and residual oxidizer (air) not used
in the electrical generation reaction are burned in this com-
bustion section 18, producing exhaust gas.

A reformer 20 for reforming fuel gas is disposed at the top
of the combustion section 18; reformer 20 is heated by the
heat of residual gas combustion to a temperature at which the
reforming reaction can take place.

An air heat exchanger 22 for receiving combustion heat and
heating the air is further disposed above this reformer 20.

Next, auxiliary unit 4 is furnished with a pure water tank 26
for holding water from a municipal or other water supply
source 24 and filtering it into pure water, and a water flow
regulator unit 28 (a “water pump” or the like driven by a
motor) for regulating the flow volume of water supplied from
the reservoir tank. Auxiliary tank 4 is further furnished with a
gas shutoff valve 32 for shutting off the fuel gas supply from
a fuel supply source 30 such as municipal gas or the like, and
a fuel flow regulator unit 38 (a “fuel pump” or the like driven
by a motor) for regulating the flow volume of fuel gas. Fur-
thermore, an auxiliary unit 4 is furnished with an electromag-
netic valve 42 for shutting off air serving as an oxidizer and
supplied from an air supply source 40, a reforming air flow
regulator unit 44 and generating air flow regulator unit 45
(“air blower” or the like driven by a motor) for regulating air
flow volume, a first heater 46 for heating reforming air sup-
plied to the reformer 20, and a second heater 48 for heating
generating air supplied to the generating chamber. This first
heater 46 and second heater 48 are provided in order to
efficiently raise the temperature at startup, but may be omit-
ted.

Next, a hot-water producing device 50 supplied with
exhaust gas is connected to the fuel cell module 2. Municipal
water from a water supply source 24 is supplied to this hot-
water producing device 50; this water is turned into hot water
by the heat of the exhaust gas, and is supplied to a hot water
reservoir tank in an external water heater, not shown.

A control box 52 for controlling the amount of fuel gas
supplied, etc. is connected to the fuel cell module 2.

Furthermore, an inverter 54 serving as an electrical power
extraction unit (electrical power conversion unit) for supply-
ing electrical power generated by the fuel cell module to the
outside is connected to fuel cell module 2.
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The internal structure of fuel cell module of the solid oxide
fuel cell system (SOFC) of this embodiment of the present
invention is explained using FIGS. 2 and 3. FIG. 2 is a side
elevation sectional diagram showing a fuel cell module in a
solid oxide fuel cell system (SOFC) according to an embodi-
ment of the present invention; FIG. 3 is a sectional diagram
along line I1I-11I of FIG. 2.

As shown in FIGS. 2 and 3, starting from the bottom in the
sealed space 8 within the fuel cell module 2 housing 6, a fuel
cell assembly 12, a reformer 20, and an air heat exchanger 22
are arranged in sequence, as described above.

A pure water guide pipe 60 for introducing pure water on
the upstream end of reformer 20, and a reform gas guide pipe
62 for introducing the fuel gas and reforming air to be
reformed, are attached to reformer 20; a vaporizing section
20a and a reforming section 205 are formed in sequence
starting from the upstream side within reformer 20, and
reforming section 204 is filled with a reforming catalyst. Fuel
gas and air blended with the steam (pure water) introduced
into reformer 20 is reformed by the reforming catalyst used to
fill in reformer 20. Appropriate reforming catalysts are used,
such as those in which nickel is imparted to the surface of
aluminum spheres, or ruthenium is imparted to the surface of
aluminum spheres.

A fuel gas supply line 64 is connected to the downstream
end of reformer 20; this fuel gas supply line 64 extends
downward, then further extends horizontally within a mani-
fold formed under fuel cell assembly 12. Multiple fuel supply
holes 645 are formed on the bottom surface of a horizontal
portion 64a of fuel gas supply line 64; reformed fuel gas is
supplied into manifold 66 from these fuel supply holes 644.

A lower support plate 68 provided with through holes for
supporting the above-described fuel cell stack 14 is attached
at the top of manifold 66, and fuel gas in manifold 66 is
supplied into fuel cell units 16.

Next, an air heat exchanger 22 is provided over reformer
20. This air heat exchanger 22 is furnished with an air con-
centration chamber 70 on the upstream side and two air dis-
tribution chambers 72 on the downstream side; this air con-
centration chamber 70 and the distribution chambers 72 are
connected using six air flow conduits 74. Here, as shown in
FIG. 3, three air flow conduits 74 form a set (74a, 745, 74c,
74d, T4e, 74f); air in the air concentration chamber 70 flows
from each set of the air flow conduits 74 to the respective air
distribution chambers 72.

Air flowing in the six air flow conduits 74 of the air heat
exchanger 22 is pre-heated by rising combustion exhaust gas
from combustion section 18.

Air guide pipes 76 are connected to each of the respective
air distribution chambers 72; these air guide pipes 76 extend
downward, communicating at the bottom end side with the
lower space in generating chamber 10, and introducing pre-
heated air into generating chamber 10.

Next, an exhaust gas chamber 78 is formed below manifold
66. As shown in FIG. 3, an exhaust gas conduit 80 extending
in the vertical direction is formed on the insides of front
surface 6a and rear surface 65 which form the faces in the
longitudinal direction of housing 6; the top inside of exhaust
gas conduit 80 communicates with the space in which air heat
exchanger 22 is disposed, and the bottom end side commu-
nicates with exhaust gas chamber 78.

An exhaust gas discharge pipe 82 is connected at approxi-
mately the center of the bottom surface of the exhaust gas
chamber 78; the downstream end of this exhaust gas dis-
charge pipe 82 is connected to the above-described hot water
producing device 50 shown in FIG. 1.
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6

As shown in FIG. 2, an ignition device 83 for starting the
combustion of fuel gas and air is disposed on combustion
section 18.

Next, referring to FIG. 4, we discuss fuel cell units 16. FIG.
4 is a partial section showing a fuel cell unit of the solid oxide
fuel cell system (SOFC) according to an embodiment of the
present invention.

As shown in FIG. 4, fuel cell units 16 are furnished with a
fuel cell 84 and internal electrode terminals 86, respectively
connected to the respective terminals at the top and bottom of
fuel cell 84.

Fuel cell 84 is a tubular structure extending in the vertical
direction, furnished with a cylindrical internal electrode layer
90, on the inside of which is formed a fuel gas flow path 88, a
cylindrical external electrode layer 92, and an electrolyte
layer 94 between internal electrode layer 90 and external
electrode layer 92. This internal electrode layer 90 is a fuel
electrode through which fuel gas passes, and is a (-) pole,
while the external electrode layer 92 is an air electrode which
contacts the air, and is a (+) pole.

The internal electrode terminals 86 attached at the top end
and bottom end of fuel cell units 16 have the same structure,
therefore we will here discuss specifically the internal elec-
trode terminal 86 attached at the top and side. The top portion
90a of inside electrode layer 90 is furnished with an outside
perimeter surface 906 and top end surface 90¢, exposed to
electrolyte layer 94 and outside electrode layer 92. Inside
electrode terminal 86 is connected to the outer perimeter
surface of inside electrode layer 90 through a conductive seal
material 96, and is electrically connected to inside electrode
layer 19 by making direct contact with the top end surface 90¢
of inside electrode layer 90. A fuel gas flow path 98 commu-
nicating with the inside electrode layer 90 fuel gas flow path
88 is formed at the center portion of inside electrode terminal
86.

Inside electrode layer 90 is formed, for example, from at
least one of a mixture of Ni and zirconia doped with at least
one type of rare earth element selected from among Ni, Ca,Y,
Sc, or the like; or a mixture of Ni and ceria doped with at least
one type of rare earth element; or any mixture of Ni with
lanthanum gallate doped with at least one [element] selected
from among Sr, Mg, Co, Fe, or Cu.

The electrolyte layer 94 is formed, for example, from at
least one of the following: zirconia doped with at least one
type of rare earth element selected from among Y, Sc, or the
like; ceria doped with at least one type of selected rare earth
element; or lanthanum gallate doped with at least one element
selected from among Sr or Mg.

The outside electrode layer 92 is formed, for example, from
at least one of the following: lanthanum manganite doped
with at least one element selected from among Sr or Ca;
lanthanum ferrite doped with at least one element selected
from among Sr, Co, Ni, or Cu; lanthanum cobaltite doped
with at least one element selected from among Sr, Fe, Ni, or
Cu; silver, or the like.

Next, referring to FIG. 5, we discuss fuel cell stack 14. FIG.
5 is a perspective view showing the fuel cell stack in a solid
oxide fuel cell system (SOFC) according to an embodiment
of the present invention.

As shown in FIG. 5, fuel cell stack 14 is furnished with
sixteen fuel cell units 16; the top inside and bottom inside of
these fuel cell units 16 are respectively supported by a lower
support plate 68 and upper support plate 100. Through holes
684 and 1004, through which the inside electrode terminal 86
can penetrate, are provided on this lower support plate 68 and
outer support plate 100.
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Inaddition, a collector 102 and an external terminal 104 are
attached to fuel cell units 16. This collector 102 is integrally
formed by a fuel electrode connecting portion 1024, which is
electrically connected to inside electrode terminal 86
attached to inside electrode layer 90 serving as the fuel elec-
trode, and by an air electrode connecting portion 10254, which
is electrically connected to the entire external perimeter of
outside electrode layer 92 serving as the air electrode. The air
electrode connecting portion 1025 is formed of a vertical
portion 102¢ extending vertically along the surface of outside
electrode layer 92, and multiple horizontal portions 1024
extending in the horizontal direction from this vertical portion
102¢ along the surface of outside electrode layer 92. Fuel
electrode connecting portion 102a extends linearly in an
upward or downward diagonal direction from the vertical
portion 102¢ of air electrode connecting portion 1025 toward
inside electrode terminals 86 positioned in the upper and
lower directions on fuel cell units 16.

Furthermore, electrode terminals 86 at the top and bottom
ends of the two fuel cell units 16 positioned at the end of fuel
cell stack 14 (at the front and back sides on the left edge in
FIG. 5) are respectively connected to outside terminals 104.
These external terminals 104 are connected to external termi-
nals 104 (not shown) at the ends of adjacent fuel cell stack 14,
and as described above, all of the 160 fuel cell units 16 are
connected in series.

Next, referring to FIG. 6, we discuss the sensors attached to
the solid oxide fuel cell system (SOFC) according to the
present embodiment. FIG. 6 is a block diagram showing a
solid oxide fuel cell system (SOFC) according to an embodi-
ment of the present invention.

As shown in FIG. 6, a solid oxide fuel cell system 1 is
furnished with a control unit 110; connected to this control
section 110 are: an operating device 112 provided with oper-
ating buttons such as “ON” or “OFF” for user operation, a
display device 114 for displaying various data such as a
generator output value (Watts), and a notification device 116
for issuing warnings during abnormal states and the like. This
notification device 116 may also be one which is connected to
a remote control center to inform this control center of abnor-
mal states.

Next, signals from the various sensors described below are
input to control unit 110.

First, flammable gas detection sensor 120 is for detecting
gas leaks; it is attached to fuel cell module 2 and auxiliary unit
4.

The purpose of flammable gas detection sensor 120 is to
detect whether CO in the exhaust gas, which is supposed to be
exhausted to the outside via exhaust gas conduit 80, has
leaked into the external housing (not shown) which covers
fuel cell module 2 and auxiliary unit 4.

A water reservoir state detection sensor 124 detects the
temperature and amount of hot water in a water heater (not
shown).

An electrical power state detection sensor 126 detects cur-
rent, voltage, and the like in inverter 54 and in a distribution
panel (not shown).

A generator air flow detection sensor 128 detects the flow
volume of generator air supplied to generating chamber 10.

A reforming air flow volume sensor 130 detects the volume
of reforming air flow supplied to reformer 20.

A fuel flow volume sensor 132 detects the flow volume of
fuel gas supplied to reformer 20.

A water flow volume sensor 134 detects the flow volume of
pure water (steam) supplied to reformer 20.

A water level sensor 136 detects the water level in pure
water tank 26.
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A pressure sensor 138 detects pressure on the upstream
side outside reformer 20.

An exhausttemperature sensor 140 detects the temperature
of exhaust gas flowing into hot water producing device 50.

As shown in FIG. 3, a generating chamber temperature
sensor 142 is disposed on the front surface side and rear
surface side around fuel cell assembly 12; its purpose is to
detect the temperature near fuel cell stack 14 and estimate the
temperature of fuel cell stack 14 (i.e., of the fuel cell 84 itself).

A combustion chamber temperature sensor 144 detects the
temperature in combustion section 18.

An exhaust gas chamber temperature sensor 146 detects
the temperature of exhaust gases in exhaust gas chamber 78.

A reformer inlet temperature sensor 148 detects the inlet
temperature of reformer 20; a reformer temperature outlet
sensor 149 detects the outlet temperature of reformer 20.

If the solid oxide fuel cell system (SOFC) is placed out-
doors, outside temperature sensor 150 detects the tempera-
ture of the outside atmosphere. Sensors to detect outside
atmospheric humidity and the like may also be provided.

Signals from these various sensor types are sent to control
unit 110; control unit 110 sends control signals to water flow
regulator unit 28, fuel flow regulator unit 38, reforming air
flow regulator unit 44, and generating air flow regulator unit
45 based on data from the sensors, and controls the flow
volumes in each of these units.

Control unit 110 sends control signals to inverter 54 to
control the quantity of electrical power supply.

Next, using FIGS. 7 and 9, we discuss the operation upon
startup of a solid oxide fuel cell system (SOFC) according to
an embodiment of the present invention. FIG. 7 is a timing
chart showing the operations of a solid oxide fuel cell system
(SOFC) at the time of start up according to an embodiment of
the present invention. FIG. 9 is a timing chart showing the
operations of a solid oxide fuel cell system (SOFC) at the time
of start up according to an embodiment of the present inven-
tion.

At the beginning, operation starts in a no-load state, i.e.,
with the circuit which includes fuel cell module 2 in an open
state, in order to warm up fuel cell module 2. At this point
current does not flow in the circuit, therefore fuel cell module
2 does not generate electricity.

First, reforming air is supplied from reforming air flow
regulator unit 44 to reformer 2 on fuel cell module 2. At the
same time, generating air is supplied from generating air flow
regulator unit 45 to air heat exchanger 22 of fuel cell module
2, and this generating air reaches generating chamber 10 and
combustion section 18.

Immediately thereafter, fuel gas is also supplied from fuel
flow regulator unit 38, and fuel gas into which reforming air
is blended passes through reformer 20, fuel cell stack 14, and
fuel cell units 16 to reach combustion section 18.

Next, ignition is brought about by the ignition device 83,
and fuel gas and air (reforming air and generating air) sup-
plied to combustion section 18 is combusted. This combus-
tion of fuel gas and air produces exhaust gas; generating
chamber 10 is warmed by this exhaust gas, and when the
exhaust gas rises into fuel cell module 2 sealed space 8, the
fuel gas, which includes reforming air in reformer 20, is
warm, as is the generating air inside air heat exchanger 22.

Once ignition has been confirmed by a temperature rise in
the combustion section, operation of the fuel flow regulator
unit 38 and reform air flow regulator unit 44 reduces the fuel
supply amount and reforming air supply amount supplied to
reformer 20 more than the fuel supply amount and reforming
air supply amount following heating of the entire reformer,
described below (step S11).
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Thus the state in which the fuel supply amount and reform-
ing air supply amount are reduced continues until the detected
temperatures by the reformer inlet temperature sensor 148
and reformer outlet temperature sensor 149 respectively
exceed 300° C. and 250° C. (step S12, step S13). By control-
ling in this way, the advance of the partial oxidation reforming
reaction POX shown in Expression (1) is suppressed. This
partial oxidation reforming reaction POX is an exothermic
reaction, therefore temperature rises in the reformer 20 are
suppressed by this suppression of the partial oxidation
reforming reaction POX.

C,H,+x0,—>aCO,+bCO+cH, o)

Thereafter, if flame transfer between fuel cells in combus-
tion section 18 advances, the entire reformer 20 is heated by
the heat from combustion section 18. At the point in time
when it is confirmed that the temperatures detected by
reformer inlet temperature sensor 148 and reformer outlet
temperature sensor 149 have respectively exceeded 300° C.
and 250° C. (steps S14, S15), i.e,, when it is sensed that
heating of the entire reformer 20 by the combustion heat from
combustion section 18 has begun, the fuel flow regulator unit
38 and reform air flow regulator unit 44 increase the fuel
supply amount and reforming air supply amount supplied to
reformer 20 is increased by more than the fuel supply amount
and reforming air supply amount prior to the start of heating
of'the entire reformer (step S16). In the present embodiment,
reformer inlet temperature sensor 148 and reformer outlet
temperature sensor 149 are combustion state confirmation
means.

The amount of heat emitted by the partial oxidation
reforming reaction POX is increased by the increase in fuel
supply amount and reforming air supply amount supplied to
reformer 20. There is also sufficient heating from within
reformer 20, and good startup characteristics are achieved.
This elevated-temperature fuel gas is supplied from fuel gas
supply line 64 to the bottom of fuel cell stack 14, and by this
means fuel cell stack 14 is heated from the bottom; combus-
tion section 18 is also heated by the combustion of the fuel gas
and air, so that fuel stack 14 is also heated from above, thereby
enabling an essentially uniform rise in temperature in the
vertical direction of fuel cell stack 14. Even though the partial
oxidation reforming reaction POX is progressing, the ongo-
ing combustion reaction between fuel gas and air is continued
in combustion section 18.

After startup of the partial oxidation reforming reaction
POX, when reformer inlet temperature sensor 148 senses that
the reformer 20 temperature has reached a predetermined
temperature (e.g., 600° C.), a gas containing a premixture of
fuel gas, reforming air, and steam is supplied to reformer 20
by fuel flow regulator unit 38 and reform air flow regulator
unit 44. At this point, an auto-thermal reforming reaction
ATR, which makes use of both the aforementioned partial
oxidation reforming reaction POX and the steam reforming
reaction SR described below, proceeds in reformer 20. This
auto-thermal reforming reaction ATR can be internally ther-
mally balanced, therefore the reaction proceeds in a thermally
independent fashion inside reformer 20. In other words, if
oxygen (air) is abundant, heat emission by the partial oxida-
tion reforming reaction POX dominates, and if steam is abun-
dant, the endothermic steam reforming reaction SR domi-
nates. At this stage, the initial stage of startup has passed and
some degree of elevated temperature has been achieved
within generating chamber 10, therefore even if the endother-
mic reaction is dominant, no major drop in temperature will
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be caused. Also, the combustion reaction continues within
combustion section 18 even as the auto-thermal reforming
reaction ATR proceeds.

When reformer temperature sensor 146 senses that
reformer 20 has reached a predetermined temperature after
starting auto-thermal reforming reaction ATR (e.g., 700° C.),
the supply of reforming air by reforming air flow regulator
unit 44 is stopped and the supply of steam by water flow
regulator unit 28 is increased. A gas containing no air and only
containing fuel gas and steam is thus supplied to the reformer
20, where the steam reforming reaction SR of Expression (3)
proceeds.

C,H, +X0,+yH,0—>aCO,+bCO+cH, )

C,H,+xH,0—aCO,+bCO+cH, 3)

This steam reforming reaction SR is an endothermic reac-
tion, therefore the reaction proceeds as thermal balance is
maintained with the combustion heat from combustion sec-
tion 18. At this stage, the fuel cell module is in the final stages
of'startup, therefore the temperature has risen to a sufficiently
high level within generating chamber 10 so that no major
temperature dropped is induced in generating chamber 10
even though an endothermic reaction is proceeding. Also, the
combustion reaction continues to proceed in combustion sec-
tion 18 even as the steam reforming reaction SR is proceed-
ing.

Thus, after fuel cell module 2 has been ignited by ignition
device 83, the temperature inside generating chamber 10
gradually rises as a result of the partial oxidation reforming
reaction POX, the auto-thermal reforming reaction ATR, and
the steam reforming reaction SR proceeding in sequence.
Next, when the temperatures of interior of generating cham-
ber 10 and individual fuel cells 84 reach a predetermined
generating temperature below the rated temperature at which
fuel cell module 2 can be stably operated, the circuit including
fuel cell module 2 is closed and electrical generation by fuel
cell module 2 begins, such that current flows in the circuit.
Generation of electricity by fuel cell module 2 causes fuel cell
84 itself to emit heat, such that the temperature of fuel cell 84
rises. As a result, the rated temperature for operating fuel cell
module 2, for example 600° C. to 800° C., is reached.

Thereafter, in order to maintain the rated temperature, fuel
gas and air are supplied in a quantity greater than the fuel gas
and air consumed by individual fuel cells 84. During electri-
cal generation, generation of electricity by the high reforming
efficiency steam reforming reaction SR proceeds.

Next, referring to FIG. 8, we discuss the operation upon
stopping the solid oxide fuel cell system (SOFC) of the
present embodiment. FIG. 8 is a timing chart showing what
occurs upon stopping the operation of solid oxide fuel cell
system (SOFC) of the present embodiment.

As shown in FIG. 8, when the operation of fuel cell module
2 is stopped, fuel flow regulator unit 38 and water flow regu-
lator unit 28 are first controlled to reduce the quantity of fuel
gas and steam being supplied to reformer 20.

When stopping the operation of the fuel cell module 2, the
amount of generating air supplied by reforming air flow regu-
lator unit 44 into fuel cell module 2 is being increased at the
same time that the amount of fuel gas and steam being sup-
plied to reformer 20 is being reduced; fuel cell assembly 12
and reformer 20 are air cooled to reduce their temperatures.
Thereafter when the temperature in the generating chamber
gets down to a predetermined temperature, for example 400°
C., the supply of fuel gas and steam to reformer 20 is stopped
and the steam reforming reaction in reformer 20 ends. Supply
of generating air continues until the temperature in reformer
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20 reaches a predetermined temperature, e.g. 200° C.; when
the predetermined temperature is reached, the supply of gen-
erating air from generating air flow regulator unit 45 is
stopped.

Thus in the present embodiment, the steam reforming reac-
tion SR by reformer 20 and cooling by generating air are used
in combination, therefore when operation of the fuel cell
module 2 is stopped, that operation can be stopped relatively
quickly.

What is claimed is:

1. A solid oxide fuel cell system comprising:

a cell stack having adjacently arranged multiple fuel cells;

a reformer configured to reform raw gas and produce fuel
gas supplied to the fuel cells for generation of electricity
at the fuel cells;

a combustion section configured to burn residual fuel gas
unused for generation of electricity and discharged from
outlets of the fuel cells, wherein the reformer is heated
by heat from the burning residual fuel gas in the com-
bustion section;

an ignition device configured to ignite the residual fuel gas
from the outlets of the fuel cell in the combustion sec-
tion, wherein upon an ignition by the ignition device,
burning of the residual fuel gas begins locally over the
outlets of the fuel cells and heats the reformer only
locally, and then burning of the residual fuel gas
progresses to spread over the entire outlets of the fuel
cells and heats the reformer generally;

a combustion state confirmation device configured to
detect that burning of the residual fuel gas has spread
over the entire outlets of the fuel cells and starts heating
the reformer generally, wherein the combustion state
confirmation device comprises a first temperature sensor
operable to detect an inlet temperature of the reformer
and a second temperature sensor operable to detect an
outlet temperature of the reformer; and
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a controller programmed to perform a startup operation of
the solid oxide fuel cell system in which the fuel cells are
raised to an operation temperature at which electricity is
ready to be extracted from the fuel cells, the startup
operation implementing, in the reformer, a partial oxi-
dation reforming (POX) reaction during which the
reformer is heated by heat from the burning residual fuel
gas in the combustion section and by reaction heat gen-
erated from the reaction taking place in the reformer,

wherein the controller is further programmed to operate the
solid oxide fuel cell system to:

upon an ignition of the residual fuel gas by the ignition
device, reduce generation of the reaction heat from the
POX reaction and keep generation reduced of the reac-
tion heat from the POX reaction while burning of the
residual fuel gas undergoes locally over the outlets of the
fuel cells and heats the reformer only locally; and

upon a determination by the controller that the inlet and
outlet temperatures of the reformer detected, respec-
tively, by the first and second temperature sensors
become no longer lower than a first and second prede-
termined temperature, respectively, raise, from its
reduced state, generation of the reaction heat from the
POX reaction, wherein the first and second predeter-
mined temperatures are set to indicate that burning of the
residual fuel gas progresses to spread over the entire
outlets of the fuel cells and starts heating the reformer
generally.

2. The solid oxide fuel cell system according to claim 1,
wherein, the controller is programmed to reduce at least one
of'supply of the raw gas to the reformer and supply of reform-
ing air to the reformer to thereby reduce generation of the
reaction heat from the POX reaction.
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